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The emergence of urban ozone episodes in autumn and air temperature rise in Hong Kong The maximum ozone concentrations of both summer and autumn episodes seem to be on an upward trend. It is the objective of this paper to examine a possible role of the air temperature factor in the emergence of ozone episodes in autumn. Significant correlations could be found between the maximum hourly ozone concentrations and the maximum and mean air temperatures during autumn months whereas the association between ozone and particulates is weaker. Autumn air temperature data from the Hong Kong Observatory headquarters and two ozone monitoring sites had been compared for the period from 1989 to 2007. This analysis takes into account the ozone trend and the unfavorable conditions posed by decreasing solar radiation and increasing cloud cover. Mean temperatures for October and November at the Hong Kong Observatory headquarters as well as two ozone monitoring sites (Sha Tin and Tai Po) show a slightly upward trend for the period under investigation. The September values, however, show a slight negative slope. The overall upward trend for air temperatures in autumn occurs at a time when the mean air temperatures in Hong Kong have been on the rise for over 120 years from 1885 to 2007, amidst the global warming trend. It is believed that the air temperature increase may have contributed to the emergence of urban ozone episodes in autumn in Hong Kong in 2000. Related to this influence of air temperature on ozone are high background pollutant concentrations in Hong Kong, as indicated by the minimum PM 10 concentrations and the serious NO 2 pollution dominating the Pearl River Delta region.
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Background
Photochemical pollution in Hong Kong
The Hong Kong Special Administrative Region (HKSAR) is situated on the coast of southern China ( Fig. 1) , at the mouth of the Pearl River estuary. It has an area of 1,100 km 2 and a population of 6.96 million (as at end of 2007) (Census & Statistic Department, HKSAR 2008) . The climate is subtropical with hot and humid summers and cool and dry winters. Photochemical pollution is prevalent and is often associated with tropical storms which affect Hong Kong in summer and autumn. The main storm season is between July and October, when the equatorial convergence zone, where most storms develop, penetrates to about latitude 15 o N.
Altogether 25 summer ozone urban episodes occurred between 1994 and 2007. Nearly all were associated with tropical cyclones which induce northwesterlies (Lee et al. 2002) except for low pressure troughs on two occasions.
The significant number of 19 autumn urban episodes that occurred till 2007 were also, like the summer episodes, associated with tropical cyclones near Hong Kong. Autumnal ozone episodes were reported in cities like Kaohsiung in south-western Taiwan as well (Chen et al. 2003 , Lin et al. 2007 ).
The impact of tropical storms on photochemical pollution in Hong Kong depends very much on their position relative to Hong Kong. In the past decade, a change in typhoon tracks was observed with typhoons being steered towards the vicinity of the East China Sea and Japan rather than into the South China Sea. It has been suggested that this more northerly track is due to a shift in the midtropospheric flow pattern, which in turn relates to increasing sea surface temperature in the South China Sea (Leung et al. 2007 ). However, it is not known whether this change in tracks has any effect on the occurrence of ozone episodes.
Most of the photochemical pollution in Hong Kong has been attributed to pollution in the Pearl River Delta (PRD) or more generally the south China Region, which is a major source of ozone precursors. Emissions in the PRD have been rising since the 1990s though they were once expected to be abated when the Flue Gas Desulphurization installation program was in place by 2007. Hong Kong is directly downwind of the regional sources in the cooler monsoon seasons, whereas in summer, the precursors can still be brought in by northwest winds brought about by the tropical storms. Winds are generally southerlies in summer and bring in cleaner maritime air.
The once very serious suburban ozone episodes in Tung Chung occurred in summer, autumn, and spring, the worst season being summer, as in other parts of the world. The first urban ozone episode appeared in autumn at the beginning of this century. Since then, the severity of photochemical pollution in urban areas appears to have accelerated in summer as well as autumn and eventually urban concentrations exceed suburban maximum concentrations in 2007. This paper focuses on the urban photochemical pollution of Hong Kong which emerges in the less likely autumn season. The main objective is to find out if this phenomenon is in any way related to the air temperature trend.
Air temperature and ozone formation Meteorological conditions are known to influence ozone by affecting the photochemical environment, atmospheric circulation, and biogenic emissions of hydrocarbons (Lin et al. 2004) . High solar radiation and air temperatures, low cloud cover giving clear sky conditions as well as a stable atmosphere are the main meteorological factors conducive to ozone formation in Hong Kong (Lee et al. 2002) as in other parts of the world. Among the meteorological factors, solar radiation and air temperature have been found to correlate strongly with ozone concentrations on a day-today basis (Lin et al. 2004; Tu et al. 2007) . Urban ozone concentrations are enhanced by increases in ambient temperature which accelerate the conversion rates in the atmospheric chemistry. Higher temperatures also enhance biogenic hydrocarbon emissions and increase the abundance of NO x (NO + NO 2 ) by thermal decomposition of the peroxyacetyl nitrate reservoir (Olszyna et al. 1997) . Model calculations (Cardelino and Chameides 1990 ) also found ozone enhancement at higher temperatures.
Results of a modeling study for New York City (Civeroloa et al. 2007 ) suggest that extensive urban growth in the NYC metropolitan area has the potential to increase afternoon near-surface temperatures by more than 0.6°C and planetary boundary layer heights by more than 150 m. Simulation results indicate that future changes in urbanization, with emissions held constant, may lead to increases in episode-average ozone levels by about 1-5 ppb and episode-maximum 8 h O 3 levels by more than 6 ppb across much of the NYC area. Urban heat island intensity (Giridharan et al. 2004; Leung et al. 2004) values are found to be proportional to the extent of urbanization.
Despite the rising trends of the mean temperatures and mean minimum temperature in Hong Kong, the trend of daily maximum temperature was found to decrease (Leung et al. 2004 ). The Hong Kong Observatory has suggested that the general decrease in maximum temperature is related to the decreasing trend in the observed global solar radiation reaching the surface. This, in turn, has been linked to an increase in the concentration of condensation nuclei in the air, a result of increased urbanization and increased cloud amount in Hong Kong. Leung et al. (2004) have suggested that while the increase in particulates in the atmosphere reduces the amount of solar radiation reaching the ground, this may, however, be offset by the heat generated by urban activities.
A similar warming trend is reported in mainland China. A recent report by the Guangdong Meteorological Bureau (GMB 2007 at www.grmc.gov.cn) indicates that the temperature in the PRD region has risen by an average of 0.21°C per decade over the past 50 years. Compared with regions south of the Yangtze River, the warming trends are found to be much larger in mid to high latitudes of western, eastern, and northern China. The most significant temperature increase occurred in winter (National Development and Reform Commission, PRC 2007).
Other meteorological factors
Similar to some parts of the world ( 
Background precursors and ozone formation
It has been suggested by Simmonds et al. (2004) that enhanced emissions of anthropogenic photochemical precursors have caused global background ozone to increase during the past century. Vingarzan (2004) found that background ozone levels over the mid-latitudes of the Northern Hemisphere have continued to rise over the past three decades, in the range of approximately 0.5-2% per year while model sensitivity studies indicate that the rise in NO x emissions accounts for the greatest increase in background ozone levels. A notable phenomenon is the transport of Asian pollutants, particularly that of China, to western North America and forms a substantial component of the background ozone concentration in that part of the continent (NOAA 2003) . Boersma et al. (2007) have estimated that the tropospheric ozone concentrations in the entire northern hemisphere have increased due to the growing emissions in China. In OMI images from NASA (Bucsela et al. 2006) , the NO 2 -plagued industrial regions in China, including the Pearl River Delta region, are clearly visible. Hong Kong is located right at the southeastern end of the Pearl River Delta Region.
Source of data and statistical tests for normality of data
The ozone concentration data for the monitoring sites Sha Tin and Tai Po used in this paper for analysis have been obtained from the Environmental Protection Department (EPD) of the Hong Kong SAR which is also available at http://epic.epd.gov.hk/ca/uid/airdata/p/1. The monitoring network of the EPD comprises 14 fixed multi-parameter monitoring stations (three being roadside stations) each installed with a combination of continuous gaseous (SO 2 , NO 2 , CO, and O 3 ) analyzers and particulate monitors. The Sha Tin station is located in the Sha Tin Government Secondary School, in a residential district in Tai Wai while the Tai Po station is at the rooftop of the Tai Po Government Office Building, which is also in a residential district. The sampling heights for the Sha Tin and Tai Po stations are 27 m and 31 m, respectively. The Sha Tin station began operation in 1991 and Tai Po in 1990.
Ozone is measured by the API 400, API 400A (EPD 2007) instruments based on UV absorption. Data quality control procedures include periodic calibrations and data validation and assessment procedures with performance and system audits. The stations have been accredited by the Hong Kong Accreditation Service since 1996.
Aerosol size distribution is obtained by using a PREDE POM-01 sun-sky radiometer installed in the main campus of the City University of Hong Kong in Kowloon. By measuring the direct and scattered solar radiation and applying the inversion algorithm, columnar aerosol optical properties like size distribution can be obtained.
Meteorological data are obtained from the Hong Kong Observatory (HKO). Surface observations of air temperature (dry-bulb temperature) are known to be taken at the Hong Kong Observatory by platinum resistance thermometers. The air temperature data for Sha Tin and Tai Po are obtained from HKO's territorywide network of automatic weather station for measuring wind, pressure, temperature, humidity, and rainfall.
Global solar radiation is measured by a thermo-electric pyranometer at King's Park (in Kowloon) while visual observations of cloud amount were made hourly at the Hong Kong Observatory. The meteorological data from the Hong Kong Observatory has also gone through established quality control and assurance procedures.
The ozone concentration, air temperature (maximum and moving averages of daily means), annual mean daily global solar radiation, and annual mean cloud amount data have been checked by the Kolmogorov-Smirnoff test for similarity to the normal distribution. The Pvalues obtained, listed as asymptotic significance (twotailed) are at a value of 0.05 or better, except for part of the long-term air temperature data. Most of the data therefore do not differ from a normal distribution at the 0.05 level.
To reduce short-term variations including meteorological changes as far as possible, moving averages of daily air temperatures (at an interval of 30 days) are computed for the analysis of long-term trends in section Air temperature factors. This interval is found to provide satisfactory R 2 values.
Ozone concentrations versus air temperatures in Hong Kong
To better define the relationship between ozone concentrations and air temperatures in Hong Kong, a least squares regression analysis is performed on the data. Maximum hourly ozone concentrations at two local monitoring sites (Sha Tin and Tai Po, see Fig. 1 for locations) are plotted against daily maximum and mean temperatures recorded at the same sites by the Hong Kong Observatory for the autumn months of 1997-2007 (Fig. 3) . The regression lines obtained indicate a close association between ozone and the air temperature parameters, with significant positive correlation coefficients of 0.6 and 0.5, respectively for daily maximum and mean temperatures. As expected, the daily maximum temperatures have a higher correlation with ozone. October 2007 at Sha Tin, which is a hotspot for ozone episodes, whether summer or autumn.
Air temperature factors
Status of main meteorological factors
Air temperature, solar radiation, and cloud cover directly affect ozone production. Regarding the cloud cover, it is known to be increased or decreased by aerosols in different places and times (NASA 2008) . It is believed that in Hong Kong, the large number of aerosols suspended in the air during pollution episodes or events make less water available for condensation on each particle. This will result in a larger number of small droplets in each cloud which last longer and create more cloud cover. The larger number of droplets will reflect more of the sun's heat and energy into space. The decreasing trend of the cloud cover and the changes in solar radiation in Hong Kong are shown in Fig. 6 for the urban ozone episode days occurring in autumn from 2000 to 2007.
Air temperature trend in autumn
At the Hong Kong Observatory headquarters
Both the mean temperature and the mean minimum temperature of Hong Kong in the period of 1947-2002 (Leung et al. 2004) were rising for all the seasons. However, the rate of increase of mean temperatures was found to be greatest in winter (0.21°C per decade) and smallest in autumn (0.12°C per decade). As for the autumn months, which are the focus of this paper, 30-day moving averages of the mean temperatures recorded at the Hong Kong Observatory headquarters for each of the months of September, October, and November are plotted for a more recent period of 1990 to 2007. A sharp increase of 0.34°C per decade was previously reported for the entire autumn for this period (section Air temperature rise in Hong Kong of this paper). As shown in Fig. 7 , the mean temperatures of both October and November show a slight upward trend. However, a slight negative slope is found for September.
At the ozone monitoring sites
Sha Tin and Tai Po (Fig. 1) (Fig. 8) showed a similar upward trend for the mean temperatures of October and November but again not for September. Trendline equations are given in the respective plots for the mean temperatures of the autumn months. In view of the close association of ozone concentrations with air temperatures, amid the highly significant decrease in solar radiation and the increase in mean amount of cloud, it appears likely that the general upward trend of air ) and mean amount of cloud (%) on urban autumn episode days [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] temperatures has contributed to the apparently rising ozone levels in urban areas and the emergence of urban ozone episodes in the autumn season in Hong Kong. This is despite the fact that meteorological variations and year to year changes may cause differences.
As for the maximum daily temperatures (as 30-day moving averages), an increasing trend is found only for October and November in Sha Tin and October in Tai Po. As suggested earlier in section Air temperature rise in Hong Kong, the slight decreasing trends in maximum daily temperatures found in other stations (e.g. Tai Po) for the same period may be related to an increase in atmospheric particulates which leads to reduction in solar radiation. Regarding the locations of the monitoring sites, it should be noted that the blocking of airflow in the valley of Sha Tin may favor air temperature rise as compared to other urban areas of Hong Kong.
Urbanization and air temperature rise
The concentration of heat in urban heat islands arises from a combination of factors in Hong Kong as in other cities, including replacement of vegetation by heat-absorbing concrete and asphalt surfaces, reduced air mixing, motor vehicle emissions and other anthropogenic heat sources. The daily pattern of heat flow changes as a result and forms heat islands. The abundant concrete surfaces in the rapidly urbanized city area and satellite towns of Hong Kong simply retain the heat during the day and release it as long-wave radiation during the night. This will result in a slower fall of temperatures at night and a higher minimum temperature.
Urban heat island intensity is defined in Hong Kong by the difference between the air temperature measured at a specific location and the air temperature at the Cheung Chau Island Station (see Fig. 1 for location) in the southern part of Hong M a x. t e mperature 30d moving av(max)
Mean t e mperature 30d moving av(mean) Linear (30d moving av(max)) Linear (30d moving av(mean)) Sha Tin Tai Po Fig. 8 Maximum and mean air temperature in the autumn months at urban ozone monitoring sites in Hong Kong (Sha Tin, Tai Po) 1989/1990-2007 Kong (Hong Kong Observatory). Out of nine urban areas in Hong Kong, Tai Po and Sha Tin rank fourth and sixth respectively (in descending order) for urban heat island intensity for mean air temperature on the recent autumn episode day of 6 October 2007. This suggests that these ozone monitoring sites are not as highly urbanized as other areas in the territory and urbanization does not play as significant a role in air temperature rise as elsewhere.
Background precursor concentrations
NO 2 and volatile organic compounds are the known main precursors for ozone formation. The formation of secondary particulate matter is often attributable to the same precursors. PM 10 , which is much less reactive and has less diurnal variations than other pollutant species, is a convenient means to track background pollution. The secondary aerosol part of PM 10 is generated by photochemical oxidation processes and is mainly in the fine size range. The average aerosol size distribution in July and October from 2002 to 2004 is shown in Fig. 9 . A bimodal size distribution is observed. The fine mode has a radius ranging from 0.01 to 0.6 µm while the coarse mode is located from 0.6 to 16 µm. While anthropogenic aerosols contribute mainly to the fine mode, the coarse mode comprises significant amounts of sea salt aerosols. The columnar aerosol concentrations obtained by integrating the size distribution, is obviously higher in October.
(1.13 µm 3 µm −2 ) than in July (1.17 µm 3 µm −2 ). October also has a higher concentration fraction (48%) of fine aerosol than July (42%). A regression of maximum ozone concentrations against maximum and mean PM 10 (Fig. 10) Fig. 12 , showing the passage of air parcels before arriving at Hong Kong at 00 Universal Coordinated Time at ten altitudes from 500 m to 5,000 m, at 500-m intervals. Results indicate pollutant transport into Hong Kong from upwind sources in the Pearl River Delta/south China region except for the inflow of marine air masses at higher altitudes (3,000-5,000 m) on 11 September 2005. The regional influence on Hong Kong is also illustrated in Fig. 13 which shows high tropospheric NO 2 in the Pearl River Delta Region on the two episode days. The maximum ozone concentrations were measured in Sha Tin, one of the two ozone monitoring sites studied.
In comparison to the serious regional influence on Hong Kong, especially in the downwind seasons, the increase in global background ozone and other pollutants clearly has a relatively insignificant influence on the territory.
Apparently, the air quality of the Pearl River Delta has not improved despite the desulphurization efforts in the Pearl River Delta/south China Region in this century, contrary to expectations. In fact it was reported that the situation had worsened with record hazy days registered in 2007-with an average of 75.7 days of haze which is "the most since 1949" (People's Daily 2008). Most of the cities and counties in the region saw more than 100 hazy days in the year. It has even been estimated that it may take 20 or 30 years to bring the haze under control.
Conclusions
Photochemical pollution is prevalent in Hong Kong and is often associated with tropical storms which affect Hong Kong in both summer and autumn. The suburban photochemical problem has become increasingly serious, especially in summer. In the past urban ozone episodes only appeared in summer since 1990 when measurements were first made, but starting in September 2000 episodes in autumn could be recorded as well. It was first measured at a monitoring station (Central Western) in the urban area of Hong Kong Island, with a mild exceedance of the Hong Kong Air Quality Objective for ozone. Since then, ozone episodes have occurred in every autumn season except 2003. The maximum ozone concentrations of both summer and autumn episodes in urban areas appear to be on an upward trend during the period of 1994 to 2007. This is despite a significant decrease in global solar radiation and an increase in average cloud cover recorded by the Hong Kong Observatory as illustrated in this paper.
To better define the relationship between ozone concentrations and air temperatures in Hong Kong, least squares regression analysis was performed on the maximum hourly ozone concentrations at two local monitoring sites (Sha Tin and Tai Po) and daily maximum and mean temperatures (measured by the Hong Kong Observatory) at the same sites for the autumn months of 1997-2007, the period for which ozone data are available. One of the sites, Sha Tin, has been a photochemical pollution hotspot since monitoring commenced in this site in June 1997. It is clear from the regression analysis that the maximum hourly ozone concentrations have significant positive correlations with maximum and mean temperatures (r=0.6 and 0.5, respectively) for the autumn months.
PM 10 , which is much less reactive and has less diurnal variations than other pollutant species, is used as an indicator of background precursor concentrations. A regression of maximum ozone concentrations against maximum and mean PM 10 yields correlation coefficients of 0.35 and 0.41, respectively, suggesting a slightly weaker relationship between ozone and precursor concentrations, than between ozone and air temperature. The background pollutant concentrations are on an upward trend in one of the monitoring sites, as indicated by the minimum PM 10 concentration (Sha Tin) in July and October over the years 1994 to 2007.
In view of the close association between maximum hourly ozone concentrations and the daily maximum and mean temperatures, air temperature data from the Hong Kong Observatory headquarters and two ozone monitoring sites are analyzed for the individual autumn months.
Results indicate that mean temperatures of October and November at the Hong Kong Observatory headquarters are on a slightly positive trend for the period of 1990 to 2007 while the September means slightly decrease. Consistent with the measurements at the Hong Kong Observatory, data from 1989/1990 to 2007 for two ozone monitoring sites in Hong Kong (Sha Tin and Tai Po) show a similar slight upward trend for the mean temperatures of October and November but a slightly negative slope for September. As for the maximum daily temperatures, an increasing trend is found in October and November in Sha Tin and October in Tai Po. However, the valley topography of Sha Tin is believed to favor air temperature rise.
The upward trends for the autumn months occur at a time when the solar radiation and cloud cover do not favor ozone formation. Indeed, the mean air temper- Though seasonally, the rate of increase of mean temperatures was found by the HKO to be greatest in winter and smallest in autumn, it appears likely that the air temperature increases have contributed to the emergence of urban ozone episodes in the autumn season in Hong Kong, besides the role of ozone precursor concentrations in the Pearl River Delta region. Clearly, it still remains to be seen whether the 1997 to 2007 ozone concentration and air temperature measurements will continue in the existing trend.
